on LTP, however. Both types of inhibitors suppressed LTP induced by theta-frequency trains of synaptic stimulation, but only PI3-kinase inhibitors suppressed the induction of LTP by high-frequency stimulation or low-frequency stimulation paired with postsynaptic depolarization. Concentrations of PI3-kinase inhibitors that inhibited LTP when present during high-frequency stimulation had no effect on potentiated synapses when applied after high-frequency stimulation, suggesting that PI3-kinase is specifically involved in the induction of LTP. Finally, we found that LTP induced by theta-frequency stimulation was MEK inhibitor insensitive but still PI3-kinase dependent in hippocampal slices from PSD-95 (postsynaptic density-95) mutant mice. Together, our results indicate that the role of PI3-kinase in LTP is not limited to its role as an upstream regulator of MAPK signaling but also includes signaling through ERK-independent pathways that regulate LTP induction.
Introduction
The small GTPase Ras as well as Ras regulators and effectors are associated with NMDA-type glutamate receptors in the postsynaptic density of excitatory synapses Kim et al., 1998; Hisatsune et al., 1999; Husi et al., 2000) . Although the role of Ras in NMDA receptor-mediated signaling has not been well characterized, several findings indicate that Ras signaling pathways have an important role in NMDA receptor-dependent forms of synaptic plasticity, such as long-term potentiation (LTP). For instance, mice with mutations affecting H-Ras (Manabe et al., 2000) or the Ras GTPase-activating proteins NF1 (neurofibromin) (Costa et al., 2002) and SynGAP (a synaptic Ras-GTPase activating protein) (Komiyama et al., 2002) have alterations in hippocampal LTP. Moreover, pharmacological inhibition of the Ras effectors phosphatidylinositol 3-kinase (PI3-kinase) (Kelly and Lynch, 2000; Lin et al., 2001; Raymond et al., 2002; Sanna et al., 2002) and the p44/42 MAPK (mitogenactivated protein kinase) pathway (for review, see Sweatt, 2001; Adams and Sweatt, 2002) disrupts LTP.
Although Ras-activated signaling pathways are clearly involved in LTP, the molecular details of how these pathways contribute to an enhancement of synaptic strength remain unclear and, in some cases, controversial. For example, whereas the enhancement of LTP in H-Ras mutant mice suggests that Ras activation normally suppresses LTP induction (Manabe et al., 2000) , the inhibition of LTP in hippocampal pyramidal cells expressing a dominant-negative form of Ras (Zhu et al., 2002) suggests just the opposite, i.e., Ras activation is required for LTP induction. The role of PI3-kinase in LTP is also poorly understood. Activation of the MAPK ERK2 (extracellular signal-related kinase 2) by NMDA receptor stimulation is completely dependent on PI3-kinase activity in cultured neurons (Chandler et al., 2001; Perkinton et al., 2002) , suggesting that PI3-kinase inhibitors suppress LTP because PI3-kinase activity is required for NMDA receptormediated ERK activation. However, in non-neuronal cells, the requirement for PI3-kinase activity in ERK activation is very dependent on experimental conditions (Duckworth and Cantley, 1997; Wennström and Downward, 1999; Moelling et al., 2002) , and, in some cases, PI3-kinase activation can inhibit, rather than facilitate, ERK activation (Rommel et al., 1999; Zimmermann and Moelling, 1999) . These complex interactions between PI3-kinase and ERK signaling pathways have not been examined in neurons. Thus, it is not clear whether PI3-kinase inhibitors suppress LTP solely because PI3-kinase activation is required for NMDA receptordependent ERK activation or because LTP is also dependent on PI3-kinase signaling through ERK-independent mechanisms.
In the experiments described here, we examined the role of PI3-kinase and ERK in LTP at excitatory synapses in the CA1 region of the mouse hippocampus. Consistent with the notion that PI3-kinase links NMDA receptors to the ERK pathway, PI3-kinase inhibitors significantly reduced both NMDA and highfrequency stimulation (HFS)-induced increases in ERK2 phosphorylation. We found, however, that PI3-kinase inhibitors suppress LTP under conditions in which blocking ERK activation with MEK (MAP kinase kinase) inhibitors has no effect. Thus, although PI3-kinase contributes to NMDA receptor-mediated ERK activation, our results demonstrate that the induction of LTP is also dependent on PI3-kinase signaling through ERKindependent pathways.
Materials and Methods
Slice preparation and electrophysiology. Standard techniques were used to prepare slices (400 m thick) from the hippocampus of halothaneanesthetized C57BL/6 mice (male, 5-8 weeks old). Slices were maintained in interface-type chambers (Fine Science Tools, Foster City, CA) that were continuously perfused (at 2-3 ml/min) with a warm (30°C), oxygenated (95% O 2 -5% CO 2 ) artificial CSF (ACSF) containing the following (in mM): 124 NaCl, 4.4 KCl, 25 Na 2 HCO 3 , 1 NaH 2 PO 4 , 1.2 MgSO 4 , 2 CaCl 2 , and 10 glucose. In our initial experiments, field EPSPs (fEPSPs) were recorded in slices maintained in an interface-type recording chamber, whereas in later experiments, extracellular recordings were done using slices completely submerged in ACSF. The type of recording configuration, which is noted in the figure legends, had no apparent affect on our observations. Standard extracellular recording techniques were used to record fEPSPs in the CA1 region of hippocampal slices (for review, see Thomas et al., 1998; Watabe et al., 2000) . Presynaptic fiber stimulation pulses were delivered at 0.02 Hz using a stimulation strength that evoked fEPSPs that were approximately half of the maximal fEPSP amplitude that could be evoked by strong intensity stimulation. LTP was induced using shortduration trains of theta pulse stimulation (TPS) (150 pulses of presynaptic stimulation delivered at 5 Hz), long-duration trains of TPS (900 pulses) delivered in the presence of the ␤-adrenergic receptor agonist isoproterenol (ISO) (1 M), or two trains of HFS (100 pulses of 100 Hz stimulation; intertrain interval of 10 sec). The average of fEPSP slopes recorded between 40 and 45 min after TPS or between 55 and 60 min after HFS were used for statistical comparisons.
Whole-cell current-clamp recordings were used to examine the effects of various inhibitors on LTP induced by pairing low-frequency presynaptic fiber stimulation with postsynaptic depolarization. In these experiments, slices were bathed in a modified ACSF in which the concentrations of CaCl 2 and MgSO 4 were increased to 4 mM each, the concentration of KCl was reduced to 2.2 mM, and picrotoxin (100 M) was added to block GABA A -mediated inhibitory postsynaptic potentials. The CA3 region of the slices was removed to prevent spontaneous bursting. Low-resistance (5-10 M⍀) patch-clamp electrodes filled with a solution containing 122.5 mM Cs-gluconate, 17.5 mM CsCl, 10 mM tetraethylammonium (TEA)-Cl, 0.2 mM EGTA, 10 mM HEPES, 2 mM Mg-ATP, and 0.3 mM GTP, pH 7.2, were used to record EPSPs evoked by 0.05 Hz presynaptic fiber stimulation. Current was injected into the cells throughout the experiment to hyperpolarize membrane potentials to between Ϫ80 and Ϫ90 mV and thus minimize action potential generation by potentiated EPSPs. An additional 50-msec-long, 0.1 nA pulse of hyperpolarizing current was injected 150 msec after each evoked EPSP to monitor input and access resistance. At the start of each experiment, the intensity of presynaptic fiber stimulation was adjusted to evoke EPSPs between 5 and 10 mV in amplitude. After a 10 min period of baseline recording, current injected through the recording electrode was used to depolarize the postsynaptic cell to near 0 mV, and LTP was induced by pairing this tonic depolarization with 100 presynaptic fiber stimulation pulses delivered at 2 Hz. Pairing was done within 20 min of obtaining whole-cell recordings to minimize the "wash-out" of LTP that can occur during whole-cell recordings. Statistical significance of results from electrophysiological experiments was assessed using ANOVAs (followed by Bonferroni t tests) or paired and unpaired t tests (two-tailed).
Western immunoblotting. Hippocampal slices were prepared as described above and allowed to recover for at least 2 hr before an experiment. For each experiment, slices obtained from the same animal were placed into four separate interface type chambers (typically three slices were loaded per chamber) and constantly perfused at 2 ml/min with warm (30°C) ACSF. The slices in one chamber were exposed to ACSF alone and served as untreated controls, whereas the slices in the other three chambers were exposed ACSF containing various combinations of agonists and antagonists. To examine the effects of NMDA receptor activation on ERK2 activation, we first conducted a series of preliminary experiments in which we measured phospho-ERK2 levels in slices exposed to different concentrations of NMDA (1-100 M) for various periods of time (2.5-10 min). A concentration (20 M) and incubation time (5 min) of NMDA that reliably induced a robust, but submaximal, increase in phospho-ERK2 levels was then used for all subsequent experiments. Similar preliminary experiments were also performed to find an appropriate dose (1.0 M) and incubation time (5 min) for activation of ERK2 by the ␤-adrenergic receptor agonist ISO. After drug treatments, the slices were rapidly frozen on dry ice and stored for up to 1 week at Ϫ80°C.
CA1 "mini-slices" containing just the CA1 region of the hippocampus were used to examine changes in ERK activation induced by highfrequency synaptic stimulation. In these experiments, the CA3, dentate gyrus, and subiculuar regions of freshly cut hippocampal slices were removed to produce isolated CA1 regions. After a 2 hr recovery period, we determined the health of each mini-slice by examining postsynaptic responses evoked by low-frequency presynaptic stimulation pulses delivered by a stimulating electrode placed in stratum radiatum. Slices that showed evidence of epileptiform activity (evoked and/or spontaneous bursting) were discarded. Three mini-slices were then each stimulated with two trains of HFS (100 pulses delivered at 100 Hz; intertrain interval of 10 sec) using a stimulation intensity sufficient to evoke a 2-6 mV population spike. These mini-slices were pooled (times after HFS ranged from 2.5 to 5 min) and rapidly frozen on dry ice. CA1 mini-slices that received low-frequency stimulation alone served as controls.
For Western analysis, the slices were homogenized in ice-cold buffer containing 50 mM Tris-HCl, 50 mM NaCl, 10 mM EGTA, 10 mM EDTA, 80 M sodium molybdate, 5 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 0.01% Triton X-100, 4 mM para-nitrophenylphosphate, and Protease Inhibitors Complete (Roche Molecular Biochemicals, Indianapolis, IN). A small aliquot (2 l) was removed from each sample for protein determination using the Bradford method, and 2ϫ loading buffer was added to the rest of the sample. Samples were boiled for 3 min and then loaded (20 -40 g of protein per lane) onto 12% SDS-PAGE gels. After electrophoresis, proteins were transferred onto either nitrocellulose (Protran; Schleicher and Schuell, Keene, NH) or polyvinylidene difluoride (Immun-Blot; BioRad, Hercules, CA) membranes. Blots were incubated in a blocking buffer consisting of Tris-buffered saline containing 0.05% Tween 20 (TBST) plus either 4% nonfat dry milk or 5% bovine serum albumin for 1 hr and then incubated overnight (at 4°C) with primary antibodies diluted in blocking buffer. After this, the blots were washed three times with TBST and then incubated with the appropriate horseradish peroxidase-conjugated secondary antibody (usually at a dilution of 1:2000 in blocking buffer) for 1-2 hr. Proteins were visualized using enhanced chemiluminescence [ECL Western Blotting Analysis System (Amersham, Arlington Heights, IL) or Immun-Star HRP detection kit (Bio-Rad)]. Images of the blots were acquired using a cooled CCD camera-based image acquisition system (Chemi-Doc; Bio-Rad), and densitometric analysis was performed using the Quantity One software package (Bio-Rad). Primary antibodies to phospho-p44/p42 MAPK (Thr202/Tyr204, 1:2000), total p44/p42 MAPK (1:1000), phosphoglutamate receptor type 1 (GluR1) (S845, 1:1000), phospho-Akt (Thr308, 1:500), and total Akt (1:1000) were obtained from Cell Signaling Technology (Beverly, MA). A primary antibody to a neuronal-specific isoform (␤III) of tubulin (1:5000) was obtained from Upstate Biotechnology (Lake Placid, NY). To control for potential variations in loading, the optical density of bands for each protein of interest were first normalized to the optical density values obtained for tubulin bands in each lane. These normalized values were then expressed as a percentage of the levels seen in untreated control slices. In some experiments, signals were normalized to actin levels determined using an anti-actin antibody (10 g/ml) obtained from Chemicon (Temecula, CA). One-way ANOVAs or, when appropriate, Kruskal-Wallis one-way ANOVA on ranks were used to assess statistical significance of Western blot data. In both cases, Student-Newman-Keuls tests were used for multiple pairwise comparisons.
Results
PI3-kinase inhibitors suppress NMDA receptor-dependent activation of the MAPK pathway As shown in Figure 1 , phospho-ERK2 levels were increased more than threefold in hippocampal slices exposed to 20 M NMDA for 5 min. Although the increase in phospho-ERK2 levels induced by NMDA was significantly ( p Ͻ 0.01) smaller in slices pretreated with the PI3-kinase inhibitor wortmannin, this increase was surprisingly robust (more than twofold) and statistically significant compared with basal phospho-ERK2 levels in untreated control slices ( p Ͻ 0.001). Thus, although PI3-kinase inhibitors completely block NMDA-induced ERK activation in cultured neurons (Chandler et al., 2001; Perkinton et al., 2002) , our results suggest that activation of the ERK pathway by NMDA receptor stimulation is only partially PI3-kinase dependent in hippocampal slices from young adult animals.
One possible explanation for the modest effect of wortmannin on NMDA-induced ERK activation observed in our experiments is that PI3-kinase activity was not adequately inhibited by the wortmannin concentration and/or incubation time (Ն40 min) used in our experiments. To address this possibility, we performed two additional, control experiments. Activation and phosphorylation of the protein kinase Akt is typically PI3-kinase dependent (Toker, 2000) , and changes in levels of Akt phosphorylated at S473 or Thr308 can been used as a convenient assay of PI3-kinase activity (Lin et al., 2001; Sanna et al., 2002) . We thus used an antibody that specifically recognizes Thr308 phosphorylated Akt to measure levels of activated Akt in slices treated with NMDA and/or wortmannin. As shown in Figure 1 , C and D, phospho-Akt was readily detected in untreated control slices, and levels were increased approximately twofold in NMDA-treated slices. Wortmannin (200 nM, 40 min) strongly reduced basal levels of phospho-Akt and completely prevented the increase in Akt phosphorylation induced by NMDA. This indicates that 200 nM wortmannin effectively inhibits PI3-kinase in hippocampal slices. As an additional control, we also examined whether incubating slices in ACSF containing a 25-fold higher concentration of wortmannin (5 M) might produce a more robust inhibition of NMDA-induced ERK2 activation. As shown by the open symbols in Figure 1 B, increasing the wortmannin concentration to 5 M did not produce a stronger inhibition of NMDA-induced MAPK activation. In these experiments, phospho-ERK2 levels were increased to 350 Ϯ 36% of control in slices exposed to NMDA alone and were increased to 227 Ϯ 43% of control in slices exposed to NMDA in the presence of 5 M wortmannin (n ϭ 3).
Although these results indicate that activation of ERK2 by NMDA receptor stimulation is partially PI3-kinase dependent in hippocampal slices from adult animals, bath-applied NMDA will activate both synaptic and extrasynaptic receptors. Because these two pools of NMDA receptors can couple to distinct signaling pathways (Hardingham et al., 2002) , we also examined whether PI3-kinase inhibitors suppress activation of ERK2 by patterns of synaptic stimulation that activate synaptic NMDA receptors and induce NMDA receptor-dependent LTP. In addition, we used isolated CA1 mini-slices in these experiments to lessen the possibility that our biochemical results might be confounded by regional differences in the types of signaling pathways that couple NMDA receptors to the ERK pathway. In control experiments Phospho-ERK2 levels were significantly increased by NMDA in both control and wortmannin-treated slices (*p Ͻ 0.01 compared with untreated controls). The increase in phospho-ERK2 levels induced by NMDA in wortmannin-treated slices (250 Ϯ 25.2% of untreated control slices) was significantly less than that induced by NMDA in slices bathed in ACSF (341 Ϯ 30.4% of untreated control slices; #p Ͻ 0.05). Wortmannin did not have a significant effect on basal levels of phospho-ERK2. Total levels of ERK2 were unchanged in slices exposed to wortmannin alone, NMDA alone, or wortmannin plus NMDA (levels were 108 Ϯ 5.5, 116 Ϯ 6.4, and 108.3 Ϯ 8.1% of that seen in untreated control slices, respectively). B, Results from individual experiments summarized in A. The plot shows the NMDA-induced increase in phospho-ERK2 levels in slices bathed in ACSF (control) versus ACSF plus 200 nM wortmannin (filled symbols) or 5 M wortmannin (open symbols). C, Wortmannin inhibits NMDA-induced increases in phospho-Akt in hippocampal slices. Average Ϯ SEM results from nine experiments. In the absence of wortmannin, NMDA (20 M, 5 min) increased phospho-Akt levels to 214 Ϯ 58% of baseline (*p Ͻ 0.05 compared with untreated control). Wortmannin reduced basal levels of phospho-Akt to 15.4 Ϯ 6.2% of control ( p Ͻ 0.05 compared with untreated controls) and completely blocked NMDA-induced increases in phospho-Akt (phospho-Akt levels were 9.3 Ϯ 2% of control in wortmannintreated slices exposed to NMDA). D, Representative immunoblots showing the effects of wortmannin on levels of phospho-ERK1/2 and phospho-Akt (Thr308) in untreated (UT) and NMDA treated (N) slices.
(normal ACSF), HFS reliably induced a statistically significant ( p Ͻ 0.05) increase in levels of phospho-ERK2 with no effect on total ERK2 levels (Fig. 2) . In contrast, HFS in wortmannintreated slices failed to induce a statistically significant increase in phospho-ERK2 levels compared with unstimulated control slices (Fig. 2) . These results indicate that activation of ERK pathway by LTP-inducing patterns of synaptic stimulation in the hippocampal CA1 region is strongly dependent on PI3-kinase activity.
PI3-kinase inhibitors suppress ERK-dependent forms of LTP
To examine whether PI3-kinase and ERK signaling might have distinct roles in NMDA receptor-dependent forms of synaptic plasticity, we compared the effects of MEK and PI3-kinase inhibitors on LTP induced by different patterns of synaptic stimulation. In the CA1 region of mouse hippocampal slices, the induction of LTP by a short train (150 pulses) of TPS alone or by a longer train (900 pulses) of TPS delivered in the presence of the ␤-adrenergic receptor agonist ISO is especially sensitive to inhibitors of ERK activation (Winder et al., 1999; Watabe et al., 2000) . Thus, to examine whether PI3-kinase is required for the induction and/or maintenance of ERK-dependent forms of LTP, we first investigated whether PI3-kinase inhibitors suppressed the amount of potentiation induced by these TPS protocols.
As shown in Figure 3A , the PI3-kinase inhibitor LY294002 strongly suppressed LTP induced by a 150 pulse train of TPS. In control experiments, fEPSPs were potentiated to 167.9 Ϯ 9.5% of baseline after TPS (n ϭ 6), whereas fEPSPs were just 109.1 Ϯ 5.9% of baseline after TPS in slices continuously bathed in ACSF containing 20 M LY294002 (n ϭ 6). The inhibition of LTP by LY294002 is most likely not attributable to direct effects on NMDA receptors because previous studies have found that LY294002 and wortmannin do not inhibit NMDA receptormediated responses in hippocampal neurons (Shanley et al., 2001; Sanna et al., 2002) . Moreover, at this concentration, LY294002 had no obvious effect on basal synaptic transmission (data not shown) or on synaptic transmission during the TPS train (Fig. 3B ). LY294002 also had no effect on the number of EPSP-evoked complex spike bursts that were evoked during the TPS train [complex spike bursts were elicited by 77.3 Ϯ 2.7% of the EPSPs during the TPS train in control slices (n ϭ 6) and by 77.2 Ϯ 1.6% of the EPSPs during the TPS train in LY294002-treated slices (n ϭ 6)]. This indicates that LY294002 does not inhibit LTP induction through indirect effects on postsynaptic excitability (Thomas et al., 1998) . As described below (see Fig. 9 ), TPS-induced LTP was also inhibited by wortmannin (200 nM).
Although the induction of LTP by a short, 150-pulse-long train of TPS by itself induces LTP, longer trains of TPS (300 -900 pulses) only induce significant levels of potentiation when combined with ␤-adrenergic receptor activation (Thomas et al., 1996; Winder et al., 1999) . Because the induction of LTP by TPS paired with ␤-adrenergic receptor activation is also ERK dependent (Winder et al., 1999) , we examined whether PI3-kinase inhibitors inhibit LTP induced by this pattern of synaptic stimulation as well. As shown in Figure 4 , in control experiments (n ϭ 15), fEPSPs were potentiated to 189.7 Ϯ 7.9% of baseline 45 min after 900 pulses of TPS delivered at the end of a 10 min application of the ␤-adrenergic receptor agonist ISO. In contrast, TPS in the presence of ISO induced a significantly smaller potentiation of synaptic transmission in wortmannin-treated slices (fEPSPs were potentiated to 165.7 Ϯ 6.8% of baseline; n ϭ 14; p Ͻ 0.05 compared with control). Wortmannin also significantly reduced ISOinduced increases in phospho-ERK2 levels in hippocampal slices (Fig. 4 B) , a finding consistent with a recent report showing that cAMP-induced activation of ERK is PI3-kinase dependent in neurons (Lin et al., 2001) . Although both of these findings are consistent with the hypothesis that PI3-kinase activity is required for ERK-dependent forms of plasticity, both TPS-induced LTP (Thomas et al., 1996) and ISO-induced ERK activation are protein kinase A (PKA) dependent (Roberson et al., 1999) . Thus, the inhibition of both ISO-induced ERK2 activation and LTP induced by TPS in the presence of ISO might be attributable to nonselective effects of wortmannin on PKA. We thus examined whether 200 nM wortmannin interfered with ␤-adrenergic receptor activation-induced increases in phosphorylation of the GluR1 subunit of AMPA receptors at a site phosphorylated by PKA (Ser845). As shown in Figure 4C , the increase in phospho-GluR1 levels induced by ISO was not altered in wortmannin-treated slices, suggesting that wortmannin does not appreciably affect PKA under our experimental conditions. Note that, although HFS delivered to slices bathed in normal ACSF induced a robust increase in phospho-ERK2 levels, it had little effect on phospho-ERK2 levels in wortmannin-treated slices. B, C, Average Ϯ SEM results from seven experiments showing basal and stimulated (2.5-5 min after HFS) levels of phospho-ERK2 ( B) and total ERK2 ( C) in slices bathed in normal ACSF or ACSF containing 200 nM wortmannin. High-frequency stimulation delivered to slices bathed in ACSF increased phospho-ERK2 levels to 182 Ϯ 19% of unstimulated controls (*p Ͻ 0.05 compared with unstimulated controls). High-frequency stimulationinduced ERK activation was significantly reduced in wortmannin-treated slices (levels were 125 Ϯ 16% of unstimulated controls; #p Ͻ 0.05 compared with HFS in ACSF) and not significantly different from levels of phospho-ERK2 in unstimulated slices bathed in ACSF alone or ACSF plus wortmannin. None of the treatments had any effect on total ERK2 levels.
PI3-kinase inhibitors suppress ERK-independent forms of LTP
Previously, we found that the MEK inhibitor SL327 has no effect on the induction of LTP by low-frequency presynaptic fiber stimulation paired with postsynaptic depolarization, suggesting that the induction of LTP by this stimulation protocol is MAPK independent (Watabe et al., 2000) . If PI3-kinase inhibitors block LTP solely because they prevent NMDA receptor-mediated ERK activation, then PI3-kinase inhibitors should have no effect on pairing-induced LTP. We thus examined whether PI3-kinase inhibitors affect pairing-induced LTP to determine whether ERKindependent forms of LTP are also PI3-kinase dependent. To confirm that this stimulation protocol induces an ERKindependent form of potentiation, we first examined whether a different MEK inhibitor, U0126, affects pairing-induced LTP. As shown in Figure 5B , the amount of potentiation observed 30 min after pairing postsynaptic depolarization with low-frequency presynaptic fiber stimulation in cells recorded from slices bathed in ACSF containing 20 M U0126 was not significantly different from the potentiation seen in cells recorded from slices bathed in ACSF plus 0.2% DMSO. To confirm that 20 M U0126 effectively blocked NMDA receptor-mediated ERK2 activation under our experimental conditions, we examined the effects of U0126 on NMDA-induced increases in ERK2 phosphorylation in hippocampal slices. As shown in Figure 5A , U0126 strongly reduced basal levels of phospho-ERK2 and blocked increases in ERK2 phosphorylation induced by a 5 min bath application of 20 M NMDA. Thus, it seems unlikely that the inability of U0126 to block pairing-induced LTP can be attributed to an insufficient level of MEK inhibition. In contrast to U0126, pairing-induced LTP was strongly suppressed in cells in which the PI3-kinase inhibitor LY294002 was present in the recording electrode solution (Fig. 5B) ( p Ͻ 0.001 compared with the potentiation induced in control cells). The differential sensitivity of pairing-induced LTP to MEK and PI3-kinase inhibitors indicates that the effects of PI3-kinase inhibitors on LTP are not simply attributable to alterations in ERK signaling. Moreover, because LY294002 was selectively delivered into the postsynaptic CA1 pyramidal cells, our results suggest that postsynaptic PI3-kinase activity is especially important for LTP.
In agreement with previous reports (Winder et al., 1999; Watabe et al., 2000) , we also found that MEK inhibitors do not block HFS-induced LTP in mouse hippocampal slices (Liu et al., 1999) . As shown in Figure 6A , the MEK inhibitor SL327 (10 M) had no effect on the amount of potentiation present 60 min after HFS, although this concentration of SL327 completely blocked HFS-induced increases in levels of phospho-ERK2 in CA1 mini-slices. In contrast, blocking PI3-kinase with either LY294002 (Fig. 6 B) or wortmannin (Fig. 7A ) strongly inhibited HFS-induced LTP. Thus, PI3-kinaseinhibitors not only suppress ERK-dependent forms of LTP but also inhibit LTP induced by patterns of synaptic stimulation (pairing, HFS) that induce an ERK-independent form of LTP. This later finding is difficult to reconcile with the simple notion that PI3-kinase activity is required for LTP only because PI3-kinase is an essential link between NMDA receptors and ERK activation. Instead, these observations indicate that PI3-kinase and ERK signaling have distinct roles in NMDA receptor-dependent LTP.
PI3-kinase inhibitors suppress LTP induction
Because continuous applications of PI3-kinase inhibitors were used in the experiments described above, the inhibition of LTP produced by wortmannin and LY294002 could be attributable to effects on the induction, maintenance, and/or expression of LTP. To examine whether PI3-kinase activity is specifically required for the maintenance and/or expression of LTP, we first induced LTP by delivering HFS in the absence of PI3-kinase inhibitors and then applied either LY294002 (20 M; n ϭ 4) or wortmannin (200 nM; n ϭ 3) for 30 min starting 30 min after HFS. As shown in Figure 7B , blocking PI3-kinase after LTP induction had no effect on potentiated synaptic transmission. In three additional experiments, we extended the duration of the wortmannin application to at least 60 min and still observed no effect on potentiated synaptic transmission (data not shown). Wortmannin and LY294002 must therefore be present during HFS to inhibit LTP. This suggests that PI3-kinase activity has an important role in the induction of LTP but not its maintenance or expression. In contrast, a recent report found that PI3-kinase is activated for up to 30 min after LTP induction and that PI3-kinase inhibitors applied after HFS produce a reversible inhibition of potentiated EPSPs, suggesting that PI3-kinase activity is specifically required for the expression and not the induction or maintenance of LTP (Sanna et al., 2002) . Notably, the concentrations of LY294002 1% DMSO; open symbols; n ϭ 6) but had little lasting effect on synaptic transmission in slices treated with 20 M LY294002 for at least 40 min before TPS (filled symbols; n ϭ 6). LY294002 was present throughout the experiment. Inset shows fEPSPs recorded during baseline and 45 min after TPS in a control slice (left set of traces) and in a slice bathed in LY294002 (right set of traces). Calibration: 2 mV, 5 msec. B, LY294002 has no effect on synaptic responses evoked during TPS. Note that both the facilitation at the start of TPS and the depression of synaptic transmission at the end of the TPS train are similar in control (open symbols) and LY294002-treated slices (filled symbols). On average, fEPSPs elicited by pulse 2 to pulse 6 of the TPS train facilitated to 147.6 Ϯ 6.1% of baseline in control experiments and were facilitated to 145.8 Ϯ 4.8% of baseline in LY294002-treated slices (not significantly different; p ϭ 0.82). In control experiments, fEPSPs were depressed to 37.1 Ϯ 6.2% of baseline at the end of the TPS train (average of the last 5 stimulation pulses) and were depressed to 45.2 Ϯ 5.8% of baseline in LY294002-treated slices (not significantly different; p ϭ 0.363). Recordings were done using slices maintained in an interface chamber.
and wortmannin used by Sanna et al. in their experiments (100 and 5 M, respectively) were much higher than those used in our experiments (20 M and 200 nM). We thus reexamined the effects of PI3-kinase inhibitors on the maintenance and expression of LTP using these higher inhibitor concentrations. As shown in Figure 8 , potentiated synaptic transmission was depressed when either 100 M LY294002 or 5 M wortmannin was applied starting 30 min after LTP was induced with HFS. Whereas Sanna et al. (2002) reported that these high concentrations of LY294002 and wortmannin had no effect on unpotentiated synaptic transmission, under our experimental conditions, 100 M LY294002 and 5 M wortmannin also depressed transmission at unpotentiated synapses (Fig. 8) . Although the reason for this difference is unclear, our results suggest that the inhibition of potentiated synaptic transmission by high concentrations of PI3-kinase inhibitors is not attributable to a selective disruption of mechanisms involved in the expression or maintenance of LTP.
TPS-induced LTP is ERK independent but PI3-kinase dependent in the hippocampus of PSD-95 mutant mice
Recent studies have shown that NMDA receptors form large multiprotein complexes that contain a number of proteins involved . A significantly smaller increase in phospho-ERK2 levels was induced by ISO in wortmannin-treated slices (phospho-ERK2 levels were increased to 164.1 Ϯ 17.8% of control; #p Ͻ 0.05 compared with levels in slices treated with ISO alone). Total levels of ERK2 were unchanged in slices exposed to wortmannin alone, ISO alone, or wortmannin plus ISO (data not shown). The inset shows a representative immunoblot showing basal and ISO-stimulated levels of phospho-ERK2 in slices bathed in ACSF alone and ACSF plus 200 nM wortmannin. C, Wortmannin has no effect on the increase in phospho-S845 GluR1 levels induced by ISO. In slices bathed in ACSF, a 5 min application of 1.0 M ISO increased phospho-GluR1 levels to 512 Ϯ 69% of control (n ϭ 5). In wortmannin-treated slices, phospho-GluR1 levels were 547.7 Ϯ 90.4% of control. The inset shows a representative immunoblot showing basal and ISOstimulated levels of phospho-S845 GluR1 in slices bathed in ACSF and ACSF plus wortmannin. in Ras signaling (Husi et al., 2000) . PI3-kinase (p85 regulatory subunit) directly binds to the NR2B subunit of NMDA receptors via an interaction mediated by the SH2 (Src homology 2) domain of p85 binding a tyrosine site on NR2B (Hisatsune et al., 1999) . This site is phosphorylated by Fyn tyrosine kinase (Hisatsune et al., 1999) , which is required for LTP induction (Grant et al., 1992) . In contrast to the direct interaction of PI3-kinase with NR2B, MEK and ERK are regulated by SynGAP, a Ras GTPaseactivating protein that directly binds PSD-95 (postsynaptic density-95) Kim et al., 1998 ), which in turn binds to NR2 subunits (Kornau et al., 1995) . PI3-kinase and ERK are thus linked to the NMDA receptor via distinct protein interactions. Because our pharmacological and biochemical studies indicate that PI3-kinase and MAPK have distinct roles in LTP, we wondered whether alterations in the composition of NMDA receptor complexes could differentially influence the involvement of these signaling pathways in LTP. To begin to address this question, we examined the effects of MEK and PI3-kinase inhibitors on LTP in the hippocampus of mice with a mutation that disrupts PSD-95 (Migaud et al., 1998) . As shown in Figure 9A , the induction of LTP by 150 pulses of TPS was significantly inhibited by Figure 6 . HFS-induced LTP is not blocked by MEK inhibitor SL327 but is suppressed by PI3-kinase inhibitors. A, Concentrations of the MEK inhibitor SL327 that block HFS-induced ERK2 activation have no effect on HFS-induced LTP. In experiments done in interface slice chambers, the amount of potentiation present 60 min after HFS (delivered at time 0) is the same in control and SL327-treated slices. In control experiments (open symbols; 0.1% DMSO), fEPSPs were potentiated to 173 Ϯ 12% of baseline 60 min after HFS (n ϭ 6) and were potentiated to 182 Ϯ 12% of baseline in slices continuously bathed in 10 M SL327 (filled symbols; n ϭ 6). The inset shows example immunoblots probed with antibodies specific for phospho-ERK1/2 (top) and total ERK1/2 (bottom). Lane 1, Untreated control (ACSF alone); lane 2, HFS in ACSF; lane 3, SL327 alone (Ն40 min); lane 4, HFS in SL327. Note that SL327 strongly reduced both basal levels of phospho-ERK2 and the increase in ERK2 phosphorylation induced by HFS. None of the treatments affected total ERK2 levels. The same results were obtained in three separate experiments. B, Inhibiting PI3-kinase activity with LY294002 significantly reduces HFS-induced LTP. In vehicle control experiments (0.1% DMSO; open symbols), fEPSPs were potentiated to 185 Ϯ 16% of baseline 60 min after HFS; n ϭ 6). In contrast, fEPSPs were potentiated to 138 Ϯ 6% of baseline 60 min after HFS in slices continuously bathed in 20 M LY294002 (filled symbols; n ϭ 6; p Ͻ 0.05 compared with control). The inset shows fEPSPs recorded during baseline and 60 min after HFS (larger responses) in a control slice (left set of traces) and in a slice bathed in ACSF containing LY294002 (right set of traces). Calibration: 2 mV, 5 msec. Experiments were done using interface slice recording chambers. or ACSF containing 200 nM wortmannin (filled symbols; n ϭ 10). One hour after HFS, fEPSPs were potentiated to 174 Ϯ 11% of baseline in control slices but increased to only 132 Ϯ 9% of baseline in wortmannin-treated slices ( p Ͻ 0.01 compared with control). B, PI3-kinase (PI3K) inhibitors have no effect on established LTP. Wortmannin (200 nM; n ϭ 3) or LY294002 (10 M; n ϭ 4) were applied starting 30 min after HFS (duration of inhibitors in the bath indicated by the bar). Neither wortmannin nor LY294002 inhibited potentiated synaptic transmission, and the results from all experiments were combined. All experiments were done using a submergedslice recording chamber. both U0126 and wortmannin in slices from wild-type mice. As expected from previous work (Migaud et al., 1998; Komiyama et al., 2002) , TPS induced a larger potentiation of synaptic transmission in slices from PSD-95 mutant mice. Surprisingly, U0126 did not inhibit TPS-induced LTP in slices from PSD-95 mutants (Fig. 9B) , suggesting that ERK activation may no longer be required for TPS-induced LTP in the absence of PSD-95. Although the mechanistic basis responsible for this change in ERK dependency is unknown, this aspect of the PSD-95 mutant phenotype provides an additional way to examine the relationship between PI3-kinase and ERK in LTP. Specifically, if a serial pathway with PI3-kinase positioned upstream of ERK activation could account for the role of PI3-kinase in LTP, then the induction of LTP by TPS in slices from PSD-95 mutant mice should also be PI3-kinase independent. We observed, however, that wortmannin still significantly reduced TPS-induced LTP in slices from PSD-95 mutant mice (Fig. 9B) . Thus, whereas the absence of PSD-95 dramatically alters the involvement of ERK in TPS-induced LTP, the induction of LTP by this protocol remains partially dependent on PI3-kinase activity. The differential effects of PI3-kinase and MAPK inhibitors on TPS-induced LTP in hippocampal slices from PSD-95 mutant mice thus provides additional evidence that the effects of PI3-kinase inhibitors on LTP cannot be solely attributed to alterations in ERK signaling.
Discussion
Inhibitors of PI3-kinase not only suppress hippocampal LTP (Kelly and Lynch, 2000; Raymond et al., 2002; Sanna et al., 2002) but also inhibit NMDA receptor-mediated ERK activation (Chandler et al., 2001; Perkinton et al., 2002) . This suggests that PI3-kinase activity is required for LTP induction because it provides an essential link between NMDA receptors and ERK. In our experiments, wortmannin significantly reduced, but did not block, NMDA-induced ERK activation, suggesting that NMDA receptor-mediated ERK activation is only partially PI3-kinase dependent in the hippocampus of young adult animals. Activation of ERK2 by HFS was strongly suppressed by wortmannin, however, suggesting that PI3-kinase may be particularly important for activation of the ERK pathway by LTP-inducing patterns of synaptic activity. Although these findings are consistent with the hypothesis that PI3-kinase blockers inhibit LTP by antagonizing NMDA receptor-dependent ERK activation, we found that PI3-kinase and MEK inhibitors have distinct effects on LTP. Although blocking ERK activation inhibited LTP induced by two different TPS protocols, it had no effect on LTP induced by HFS or lowfrequency synaptic stimulation paired with postsynaptic depolarization. In contrast, PI3-kinase inhibitors suppressed the induction of LTP by all four protocols. In addition, the effects of MEK, but not PI3-kinase, inhibitors on TPS-induced LTP were dramatically altered in PSD-95 mutant mice. The role of PI3-kinase in LTP is thus not limited to its role as an upstream regulator of ERK signaling.
The role of MAPK in the induction of LTP
Although our experiments primarily focused on the role of PI3-kinase in LTP, our findings have important implications regarding the role of ERK in LTP. In our experiments, both pairing and HFS-induced LTP were unaffected by two different MEK inhibitors, indicating that ERK activation is not absolutely required for LTP (Winder et al., 1999; Watabe et al., 2000) . In addition, previous studies have shown that ERK activation by itself is not sufficient for LTP induction (Winder et al., 1999; Dudek and Fields, 2001 ). Thus, ERK activation is not an essential signaling event required for the early phases of NMDA receptor-dependent LTP in the hippocampal CA1 region. This does not mean that ERK activity is not importantly involved in LTP. Indeed, numerous studies have shown that hippocampal LTP is inhibited by MEK inhibitors (English and Sweatt, 1997; Atkins et al., 1998; Coogan et al., 1999; Winder et al., 1999; Watabe et al., 2000; Giovannini et al., 2001) . Moreover, as we show here, the induction of LTP by 150 pulse trains of TPS is strongly reduced by MEK inhibitors (Winder et al., 1999; Watabe et al., 2000) . Thus, although ERK activation may not be required for the induction of LTP by all patterns of synaptic stimulation, or under all experimental conditions, it clearly represents an important modulator of LTP. In addition to modulating LTP induction, ERK activation is also thought to have an important role in transcriptional events involved in the later, mRNA synthesis and protein synthesisdependent stages of LTP (Impey et al., 1998; Davis et al., 2000) .
Recently, two different models have been proposed to account for the role of ERK signaling in the induction of LTP (Sweatt, 2001; Zhu et al., 2002) . In one model (Sweatt, 2001) , ERK activation contributes to LTP induction by facilitating activation of synaptic NMDA receptors through a downregulation of dendritic A-type K ϩ channels (Adams et al., 2000; Watanabe et al., 2002; Yuan et al., 2002) . In the second model (Zhu et al., 2002) , ERK activation has a more central role in LTP induction and is required for activity-dependent membrane insertion of AMPA receptors. Our observations support the first of these models. First, we found that MEK inhibitors have no effect on pairinginduced LTP in experiments in which postsynaptic K ϩ channels were blocked by the inclusion of Cs ϩ and TEA in the recording electrode solution. Thus, as would be expected if ERK activation Figure 9 . TPS-induced LTP is ERK independent but still PI3-kinase dependent in hippocampal slices from PSD-95 mutant mice. A, Both MEK and PI3-kinase inhibitors suppress the induction of LTP by a 150 pulse train of TPS in slices from wild-type animals. In vehicle control experiments (0.1-0.2% DMSO; open circles), fEPSPs were potentiated to 205 Ϯ 7% of baseline 45 min after TPS (n ϭ 9). The amount of potentiation induced by TPS was significantly reduced ( p Ͻ 0.001) in slices continuously bathed in ACSF containing either 200 nM wortmannin (Wort; filled circles; fEPSPs were 125 Ϯ 11% of baseline; n ϭ 6) or 20 M U0126 (filled triangles; fEPSPs were 137 Ϯ 9% of baseline; n ϭ 11). B, The amount of LTP induced by a 150 pulse train of TPS was not reduced by U0126 in slices from PSD-95 mutant mice. In vehicle control experiments, fEPSPs were potentiated to 279 Ϯ 15% of baseline (open circles; n ϭ 14) and were potentiated to 270 Ϯ 12% of baseline (n ϭ 14) in slices continuously bathed in ACSF containing U0126 (triangles). LTP induced by TPS in PSD-95 mutant slices was inhibited by wortmannin. In slices from PSD-95 mutant mice that were continuously bathed in 200 nM wortmannin, fEPSPs were potentiated to 195 Ϯ 13% of baseline (filled circles; n ϭ 7; p Ͻ 0.05 compared with control levels of LTP in PSD-95 mutant slices). All experiments were done in an interfacetype recording chamber.
normally contributes to LTP induction by downregulating K A channels, bypassing ERK and directly inhibiting these channels pharmacologically obviates the need for ERK activation and renders LTP insensitive to the effects of MEK inhibitors. Second, our observation that MEK inhibitors do not block HFS (or pairinginduced LTP) is incompatible with a model in which ERK activation is an essential step in LTP. What is less clear, however, is how the first model can explain the lack of effect of MEK inhibitors on HFS-induced LTP. One possibility is that, under our experimental conditions, the postsynaptic depolarization evoked by HFS is large enough to strongly activate NMDA receptors and induce LTP even in the absence of an ERK-mediated downregulation of K A channels.
The role of PI 3-kinase in LTP Although LY294002 and wortmannin almost completely blocked LTP induced by a short train of TPS, HFS and presynaptic stimulation paired with postsynaptic depolarization still induced a significant, albeit smaller, potentiation of synaptic transmission in slices pretreated with these inhibitors. One trivial explanation for this incomplete block of LTP is that PI3-kinase activity was not sufficiently inhibited by the concentrations of wortmannin and LY294002 used in our experiments. This seems unlikely, however, because the concentrations of wortmannin (Fig. 1 ) and LY294002 (data not shown) used in our experiments completely blocked NMDA-induced increases in phospho-Akt levels. Thus, the partial inhibition of LTP by PI3-kinase inhibitors most likely indicates that PI3-kinase activity is not absolutely required for the early stages of LTP up to 1 hr after induction. Instead, like ERK, PI3-kinase may be part of an important modulatory pathway that normally enhances the amount of potentiation induced by some patterns of synaptic stimulation. Alternatively, some patterns of synaptic stimulation may induce two distinct forms of potentiation, one that is dependent on PI3-kinase signaling and another that arises from PI3-kinase-independent mechanisms. The results from our experiments do not distinguish between these two possibilities. In either scenario, however, it seems likely the PI3-kinase activity contributes to the induction of LTP rather than its maintenance or expression because PI3-kinase inhibitors applied after LTP induction do not block LTP.
In contrast to our findings, it has been reported that PI3-kinase inhibitors applied after LTP induction can produce a selective and reversible depression of transmission at potentiated synapses (Sanna et al., 2002) , suggesting that the expression of LTP is dependent on persistent PI3-kinase activity. Although we found that potentiated synaptic transmission was depressed by the much higher concentrations of LY294002 and wortmannin used by Sanna et al. (2002) , under our experimental conditions, these high concentrations of the inhibitors also depressed transmission at basal, nonpotentiated synapses. The reason for the difference between our observations and those of Sanna et al. (2002) with respect to the effects of high PI3-kinase inhibitor concentrations on basal synaptic transmission is unclear but might be attributable to species differences (rat vs mouse). It is important to note, however, that the lower concentrations of PI3-kinase inhibitors used in our experiments strongly blocked PI3-kinase activity in our slices (as measured by changes in phospho-Akt levels) yet had no effect on transmission at potentiated synapses.
How might PI3-kinase be involved in the induction of LTP? In many cell types, PI3-kinase activates atypical isoforms of protein kinase C (PKC) via activation of phosphoinositide-dependent kinase-1, a protein kinase activated by the phospholipid products generated by PI3-kinase (Chou et al., 1998; Le Good et al., 1998) . The atypical PKC isoform PKC is activated by LTP-inducing patterns of synaptic stimulation (Sacktor et al., 1993) , and inhibitors that selectively block PKC inhibit LTP in the hippocampal CA1 region (Ling et al., 2002) . Moreover, introduction of activated PKC into CA1 pyramidal cells induces a robust potentiation of synaptic transmission that occludes HFS-induced LTP (Ling et al., 2002) . Thus, one possibility is that PI3-kinase contributes to the initial activation of PKC during LTP induction. PI3-kinase is also involved in the trafficking and insertion of some membrane proteins (Corvera and Czech, 1998; Wu et al., 1998; Rameh and Cantley, 1999; Lhuillier and Dryer, 2002) , including AMPA-type glutamate receptors containing GluR1 subunits (Passafaro et al., 2001) . Thus another possibility is that PI3-kinase is involved in activity-dependent changes in AMPA receptor trafficking-insertion that are thought to underlie LTP (for review, see Malinow and Malenka, 2002) . With regard to this possibility, it is interesting to note that wortmannin completely blocks membrane insertion of GluR1-containing AMPA receptors induced by NMDA receptor activation in cultured neurons (Passafaro et al., 2001 ) but only partially inhibits LTP in hippocampal slices. Finally, PI3-kinase signaling can regulate organization of the actin cytoskeleton through activation of GTP exchange factors that regulate members of the Rho family of GTPases (Cantrell, 2001; Rodgers and Theibert, 2002) . PI3-kinase signaling might thus have an important role in changes in dendritic spine structure induced by activation of synaptic NMDA receptors (for review, see Yuste and Bonhoeffer, 2001) . Although the downstream mechanisms underlying the role of PI3-kinase in LTP remain unknown, our results suggest that Ras activation engages a divergent network of multiple downstream signaling events that have distinct regulatory roles in LTP.
